We have reported that excess cystine feeding exaggerates the defects of dietary copper deficiency in rats by a mechanism not involving oxidative stress and altered copper status. This study was conducted to examine whether this exacerbation is caused by a mecha nism involving altered iron status and to compare the influences of cystine and cysteine feeding on the defects of copper deficiency. Male Wistar rats were fed copper-adequate or copper-deficient diet with supplementation of L-cystine or L-cysteine (2%) for 10days or 21days. Copper-deficient diet increased heart weight, caused anemia, reduced plasma iron and elevated liver iron. These defects were exacerbated by supplemental cystine. Cysteine feeding also exacerbated the defects of dietary copper deficiency including anemia, increased heart weight, and reduced plasma iron, although cysteine feeding had no influence on liver iron concentra tion. Supplemental cysteine reduced apparent absorption of iron, while supplemental cystine did not. These results suggest that cystine feeding enhances the defects of copper deficiency by a mechanism involving impaired mobilization of iron from liver into blood, and that cysteine feeding enhances the defects of copper deficiency by a mechanism involv ing reduced intestinal absorption of iron.
Recently, we have reported that while feeding excess cystine also enhanced signs of copper deficiency, it did not do so by altering copper status and enhancing oxidative stress (7) . The mechanism of exacerbation of copper deficiency by cystine seemed to be different from that by methionine (7) . The primary purpose of the present study was to elucidate the underlying mechanism of this exacerbation by cystine.
In our previous study, we found a reduced activity of serum ceruloplasmin in rats by dietary supplementation of cystine (8, 9). A physiological function of ceruloplasmin has been considered to relate to the mobilization of iron from liver to blood (10). Impairment of iron mobilization from liver associated with lower ceruloplasmin activity has been reported in copper deficiency (10). It has been considered that ceruloplasmin oxidizes Fe2+ to Fe3+ by its ferroxidase activity, which in turn leads to the binding of Fe3+ to transferrin. In view of these facts, we postulated that exacerbation of copper deficiency by cystine feeding might be mediated through impaired mobilization of iron from liver to blood.
In the present study, we tested the hypothesis that cystine feeding exacerbates the defects of copper deficiency by altering iron status. Since our recent study has shown that feeding cysteine-excessive diet has no influence on ceruloplasmin activity (9), the comparison of influences of feeding cystine and cysteine on dietary copper deficiency was also conducted. Although defects of copper deifciency such as anemia and increased heart size can be clearly observed in growing rats after feeding copper-deficient diet for one month or more, this study was conducted with shorter periods (10 or 21days) since alteration in iron status by copper-deficient diet can be observed from these feeding periods (10). concentrations gave a range of 3.9 to 4.0mg Fed 100g diet. To prevent auto oxidation of cysteine in the diet, cysteine was mixed with the basal diet daily at 7:00 p. m. -8:00 p.m., and immediately the mixed diet was given to the animals. Feces were collected, and food intakes were measured from day 10 through day 14. The fecal composites were dried to a constant weight and ground to a fine powder. At the end of the experimental period, animals were anesthetized with diethyl ether and killed between 1:00 p. m. and 3:00 p. m. Blood was collected by heart puncture with heparinized syringes, and plasma was separated by centrifugation. Analytical procedures. Blood hemoglobin concentration was measured using a kit (Hemoglobin-Test Wako, Wako Pure Chemical Ind., Osaka). Plasma cerulo plasmin activity was measured by the method of Schosinsky et al. (12) . Plasma levels of iron were measured by a kit (Fe-Test Wako, Wako Pure Chemical Ind.). Analysis of Cu and Fe in diets, tissues and feces was performed using a polarized Zeeman atomic absorption spectrophotometer (Model 180-60, Hitachi, Tokyo) as described previously (13). Estimates of hepatic lipid peroxidation were obtained by the determination of the concentration of thiobarbituric acid-reactive substances (TBARS) by the method described previously (7, 9) . Data were subjected to two-way ANOVA for the various measurements. Duncan's multiple range test was used to determine differences in the data (14). Some data were analyzed by regression analysis.
METHODS

RESULTS
As shown in Table 1 , an increased heart weight was observed in the groups fed copper-deficient diets supplemented with cystine and cysteine for 21days compared with the other groups (p<0.05), although dietary treatments for 10days caused no influence on heart weight. Feeding cystine-supplemented diets for 10days and 21 days caused an increase in liver weight (p<0.05).
Rats fed copper-deficient diets for 21days had significantly lower levels of hematocrit compared with animals fed copper-adequate diets ( Table 2) . Supple mental cystine and cysteine enhanced the reduction of hematocrit values by copper-deficient diet. Similar effects of dietary treatment for 21days on hemoglo bin levels were also observed. Lower levels of hemoglobin were observed in the animals fed copper-deficient diet supplemented with cystine for 10days compared with other dietary treatment (p<0.05). Reduced plasma concentrations of iron by copper-deficient diet were observed especially in the groups fed cystine-and cysteine-supplemented diets.
A marked depression in plasma ceruloplasmin activity was observed in the groups fed copper-deficient diets (Table 3) . Supplemental cystine significantly reduced ceruloplasmin activity in copper-adequate rats, while supplemental cysteine Values are means of five rats per group and pooled SEM. Means not followed by the same letter are significantly different (p<0.05) using Duncan's multiple range test. NS: Not significant. did not. In copper-deficient rats, cystine feeding had no significant influence on ceruloplasmin activity. Copper-deficient diets caused elevation of liver iron. A marked accumulation of liver iron by copper-deficient diet was observed in the cystine-supplemented diet. The significant ANOVA p values observed for interac tions of the effects of cystine and copper on plasma ceruloplasmin and liver iron can also be explained by the marked effects of dietary cystine in copper-adequate rats and in copper-deficient rats, respectively. Cysteine feeding did not influence the liver iron concentration. There was no significant correlation between liver iron and ceruloplasmin level in copper-deficient animals (r=-0.418, p>0.05 for 10 days; r=-458, p>0.05 for 21days). Copper-deficient diet reduced liver copper (p<0.05), although dietary cystine and cysteine did not alter liver copper concen tration.
Concentrations of iron in the heart, spleen and femur were significantly reduced in the rats fed copper-deficient diet for 21days (Table 4) . Dietary supplementation of cystine and cysteine had no influence on heart and femur iron in the animals fed the diets. A significant elevation in splenic iron by feeding cystine supplemented diet for 21days was observed in the rats fed copper-adequate and copper-deficient diets. In the rats fed the experimental diets for 10days, iron levels in heart, spleen and femur were unaffected by dietary manipulation.
A reduced apparent absorption of iron was observed with cysteine-supple mented diets (Table 5 ). Neither dietary alteration of copper nor cystine supple mentation affected the absorption of iron. Elevation in apparent absorption of copper was observed with copper-deficient diet. The absorption of copper was unaffected by supplemental cystine and cysteine. In the rats fed experimental diets for 21days, liver concentrations of TBARS were measured. The results showed 18-22% elevations in the concentrations of TBARS by copper-deficient diets (p<0.05), but there was no alteration in TBARS levels by the supplementation of sulfur-containing amino acids (p>0.05) (data not shown).
DISCUSSION
This study demonstrated that excess cystine feeding for only 10days promoted the accumulation of liver iron and the reduction in plasma iron caused by copper deficient diet. These responses seemed to precede the changes in heart weight, hematocrit and hemoglobin (Tables 1, 2) . These results support our hypothesis that cystine feeding exacerbates the defects of copper deficiency by a mechanism involving impaired mobilization of liver iron. The possibility has been suggested that mobilization of iron can be influenced by ferroxidase activity of serum ceruloplasmin and by the levels of ascorbic acid and xanthine oxidase in tissues (10, Values are means of five rats per group and pooled SEM. Means not followed by the same letter are significantly different (p<0 .05) using Duncan's multiple range test. NS: Not significant. 15). Our data indicated that, although cystine feeding significantly reduced ceruloplasmin activity in copper-adequate animals, cystine feeding caused only a trend in the reduction of ceruloplasmin activity in copper-deficient animals ( Table  3 ). The correlation coefficients between liver iron and ceruloplasmin activity in copper-deficient rats were also low (statistically not significant) . Thus, we failed to show an association between alteration in liver iron by cystine and ceruloplasmin level. The possibility that alteration in iron mobilization by cystine absolutely depends on an altered ceruloplasmin level appears to be negated . Our recent study has shown that feeding of the diet supplemented with 2% cystine for 20days had no significant influence on the hepatic concentration of ascorbic acid or xanthine oxidase activity in rats compared with feeding of the diet without supplementation of cystine (Kato et al. unpublished data) . Thus, it is unlikely that the effect of cystine feeding on iron status is mediated through altering tissue ascorbic acid and xanthine oxidase. Our study further showed an accumulation of splenic iron by cystine feeding for 21days, although in the animals fed the diets for 10days the splenic iron concentration was unaffected by dietary manipulation (Table 5 ) . This accumula tion of iron by cystine might also at least partially relate to reduced plasma iron and exacerbation of copper deficiency. Since altered distribution of the size of red blood cells in rats fed cystine-excessive diet has been observed (7), cystine feeding for a prolonged period might cause hemolysis leading to the accumulation of splenic iron and exacerbation of anemia.
Consistent with our previous study (9), cysteine feeding caused no alteration in ceruloplasmin activity, although the reason for the differential responses of ceruloplasmin to dietary cystine and cysteine is unknown. Interestingly, cysteine feeding also exacerbated the defects of copper deficiency involving anemia, reduced plasma iron and increased heart weight; although, in contrast to cystine feeding, cysteine feeding had no influence on the concentrations of iron in the liver or spleen of rats fed copper-deficient diet. Reduced absorption of iron by cysteine feeding was also observed (Table 5) . From these facts, we speculate that exacerbation of the defects of copper deficiency is at least in part ascribed to lower intestinal absorption of iron. As well as cystine feeding, cysteine feeding had no influence on the hepatic concentrations of TBARS, suggesting that an enhancement of copper deficiency by supplemental cysteine is not mediated through a mechanism involving oxidative stress.
The major metabolic fate of cystine in mammals is conversion to cysteine, and catabolism of cystine then merges with that of cysteine (16). The same effect of cystine and cysteine on the growth of chicks (17) and rats (Kato et al. to be published) has been observed. From these facts, it seemed that these two amino acids are nutritionally equivalent. However, our studies in this report and a previous report (9) have demonstrated differential responses of ceruloplasmin and of the metabolism of iron and cholesterol to these two amino acids. Further study in our laboratory will be focused on the underlying mechanisms of these differential metabolic responses. 
